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Sixteen Argentinean shallow lakes from the Pampa plains and the Patagonian steppe were characterized
using optical properties and water-quality parameters. In this set of lakes a wide range in water
transparency descriptors was observed [broadband vertical attenuation coefﬁcient (kd PAR) varied from
0.40 to 47m1, Secchi disk depth (Sd) from 0.07 to 12.00m, and nephelometric turbidity (tn) from 0.50
to 103.70 NTU (710.00)]. Among Pampean lakes, highly turbid lakes presented signiﬁcant higher kd
PAR values (413m1) than clear-vegetated ones (o10m1), though all Patagonian lakes showed
signiﬁcant lower light attenuation (kd PARo2.5m1). Our estimations of light scattering were
supported by the signiﬁcant relationship found between tn and Efﬂer and Auer’s scattering coefﬁcient
estimate (best). Allowing for lakes with tno80 NTU, we obtained a signiﬁcant linear regression with a
slope close to the unity. However, when values of tn were higher than 80 NTU, no clear relationship was
observed between tn and best.
Although we found signiﬁcant relationships between kd, Sd and tn over the whole range of
underwater light scenarios, we noticed some disparities between Sd, tn and light attenuation in lakes
with certain optical characteristics. Considering the whole data set, including clear and turbid lakes, as
much as 92% of the variation observed in kd PAR could be explained by a regression model including
absorption of chromophoric dissolved organic matter (CDOM) and tn.
Our results showed that a suitable and practical method to estimate light attenuation could be the
use of empirical models based on absorption coefﬁcients and tn measured with bench top instruments.
The direct measurement of paired values of Sd and tn, in addition with main absorbing components are
a useful and precise way of describing underwater light availability and optical regimes. The latter,
combined with occasional in situmeasurements of kd would permit the development of highly accurate
lake-speciﬁc models of light attenuation.
& 2008 Elsevier GmbH. All rights reserved.Introduction
Light transmission and underwater light availability are among
the most important physical variables in aquatic ecosystems. In
shallow lakes, the distribution and abundance of phytoplankton
and the development of submerged vegetation depend strongly
on light availability. These systems often alternate between a
macrophyte-dominated clear-water state and phytoplankton-
dominated turbid state (e.g. Hosper, 1989; Jeppesen et al., 1990;
Jackson, 2003; Hargeby et al., 2007). To illustrate how alternative
states occur, Scheffer et al. (1993) developed a simple conceptual
model. The model is based on three assumptions: (1) turbidity. All rights reserved.
: +542241424048.increases with nutrient levels, which stimulate phytoplankton
growth; (2) macrophytes reduce turbidity; and (3) macrophytes
disappear when a critical turbidity is exceeded (Scheffer et al.,
1993; Scheffer and van Nes, 2007). Although many ecological
mechanisms have been related to the alternative states dynamics,
the main feedback system is assumed to be driven by the
interaction between submerged vegetation and turbidity. Despite
the central role of light penetration, the term turbidity is often
used in a loose sense to indicate the lack of clarity of lake water
(Scheffer, 1998).
In recent years, much work on shallow lakes has focused on the
mechanisms responsible for the alternation of clear and turbid
states (e.g. Jeppesen et al., 1990; Bachmann et al., 1999; Bayley and
Prather, 2003; Jackson, 2003; Hargeby et al., 2007; Ibelings et al.,
2007 and references therein). In most cases, water transparency is
assessed using the Secchi disk (Sd) depth or, less frequently, by
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Nomenclature
l wavelength (nm)
IOPs inherent optical properties
AOPs apparent optical properties
Sd Secchi disk depth (m)
kd l spectral vertical attenuation coefﬁcient (m1)
kd PAR broadband vertical attenuation coefﬁcient (m1)
tn nephelometric turbidity (NTU)
best scattering coefﬁcient estimate from Efﬂer and Auer’s
equation (m1)
ODﬁlt (l) optical density of total particulate matter on ﬁlter
b (l) pathlength ampliﬁcation factor
at(l) spectral mean total absorption coefﬁcient (m1)
ap(l), ad(l) and aph(l) spectral mean absorption coefﬁcients of
particulate matter, unpigmented (non-chlorophyl-
lous) matter and phytoplankton (m1)
ag(l) and aw(l) Spectral mean absorption coefﬁcients of
dissolved organic substance and pure water (m1)
CDOM chromophoric dissolved organic matter (m1)
DOC dissolved organic carbon (mgL1)
TP total phosphorous (mgL1)
TSS total suspended solids (mg L1)
Chl. a chlorophyll a (mg L1)
G.L. Pe´rez et al. / Limnologica 40 (2010) 30–39 31nephelometric turbidity (tn) measurements. Thus, although the
clear and turbid alternative states have been deﬁned in terms of
their relative transparency, and light availability appear to be a
key factor determining lakes condition. The optical characteristics
of shallow lakes have been seldom described with enough detail.
In contrast, more accurate descriptions of underwater light
using inherent optical properties, IOPs, (e.g. absorption coefﬁ-
cients, scattering coefﬁcient, beam attenuation coefﬁcient and tn)
and apparent ones, AOPs, (e.g., Sd, diffuse attenuation coefﬁcient
and irradiance reﬂectance) are common in marine science (e.g.
Shooter et al., 1998; Loisel and Stramski, 2000; Andre´foue¨t et al.,
2003; Arnone et al., 2003; Kutser et al., 2003). IOPs and AOPs are
very sensitive to biological and chemical changes (Gallegos and
Jordan, 2002; Arnone et al., 2003; Gallegos et al., 2005). Therefore,
the optical properties have potential as indicators of natural or
human disturbances in aquatic systems.
Underwater light availability is thought to play a pivotal role in
shallow lakes by directly affecting the competitive outcome
between major groups of primary producers, i.e., phytoplankton
vs. macrophytes. The amount and spectral composition of light
varies continuously with depth, as the different wavelengths are
absorbed and scattered differentially by the various optically
active components of lake water (i.e., chromophoric dissolved
organic matter, unpigmented particulates, pigmented particu-
lates). Thus, an accurate description (prediction) of the light ﬁeld
and the contribution of the different absorbing and scattering
components are essential to understand lake production and lake
alternative equilibrium state.Table 1
List of the study lakes with abbreviation-codes, sampling date, geographic location, lak
Lakes Sampling dates Geograp
Pampean lakes
Yalka (YA) 11-10-05 351350S
La Limpia (LI) 11-16-05; 02-08-06; 06-07-06; 09-05-06 351370S
El Burro (BU) 11-14-05 351420S
El Triunfo (TR) 11-10-05; 02-08-06 351510S
Kakel Huincul (KH) 11-09-05; 09-06-06 361480S
La Salada (SA) 11-14-05 351470S
San Jorge (SJ) 11-10-05; 06-07-06; 09-05-06 3531400
Vitel (VI) 11-08-05; 11-16-05 351320S
Chascomus (CH) 11-08-05; 01-19-06; 06-07-06; 09-05-06 351360S
Lacombe (LC) 11-16-05; 02-08-06; 09-06-06 351490S
Patagonian lakes
Escondido (ESC) 02-21-06 411020S
El Tre´bol (TRE) 02-21-06 411030S
Fantasma (FAN) 11-30-05 411050S
Los Patos (PAT) 02-21-06 411150S
Ezquerra (ESQ) 02-21-06 411030S
Juventus (JUV) 02-24-06 411210S
a Maximum depth at the sampling point.Here, we have selected a set of Argentinean shallow lakes
differing in trophic state and optical features. Our main objectives
were (1) to characterize these lakes using AOPs and IOPs along
with water-quality parameters and (2) to analyze the contribution
of absorption and scattering to the diffuse vertical attenuation
coefﬁcient.Material and methods
Study site
The study was carried out in a set of sixteen Argentinean
shallow polymictic lakes: ten lakes located in the Pampa region
(351320S–31480S and 571470W–581070W; lay ato20masl) and the
remaining six lakes located in Patagonia (411020S–411150S and
711170W–711310W; lay at 4700masl) (Table 1). Among Pampean
lakes, lakes La Limpia (LI), El Triunfo (TR), Kakel Huincul (KH), San
Jorge (SJ), Vitel (VI) Chascomus (CH) and Lacombe (LC) were
visited on two or three occasions during 2005 and 2006 (Table 1).
The remaining Pampean and Patagonian lakes were sampled once
during late spring and summer (November 2005–January 2006)
(Table 1). This set of shallow lakes was selected to encompass a
wide range of trophic conditions and nutrient levels.
All Pampean lakes are permanent and relatively homogeneous
in depth, however they display clear differences in typology. At
the time of our study, TR, KH, LC and La Salada (SA) (see Table 1 for
name abbreviations) were in a clear state and dominated either bye area, depth and elevation
hic location Area (Km2) Depth (m)a Elevation (asl) in m
; 571540W 10.6 1.4 7
; 571480W 5.6 1.9 –
; 571550W 10.2 2.2 –
; 571520W – 1.2 11
; 571470W 20 1.5 16
; 571520W 4.5 2.0 –
S; 571470W 3 1.7 –
; 581070W 14.6 1.6 7
; 581020W 30.1 1.9 8
; 571490W 1.3 1.4 –
; 711290W 0.1 8 764
; 711300W 0.3 12 794
; 711270W – 0.5 794
; 711170W – 0.7 –
; 711300W 0.1 3.5 780
; 711310W – 11 945
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sp.), or by emergent vegetation (Schoenoplectus sp. and Typha sp.).
The remaining six Pampean lakes occurred in a turbid state and
lacked, or had only a sparse coverage of, aquatic vegetation.
Among Pampean water bodies, ﬁve lakes were large and shallow
with surface area varying between 10.2 and 30.1 km2 (Table 1).
All study Pampean lakes were polymictic, presenting commonly
the water column well mixed by wind action.
As regards to Patagonian lakes, these water bodies were
comparative small lakes (areao0.5Km2) and always showed the
presence of aquatic vegetation, dominated by submersed macro-
phytes (Potamogeton sp. and Myriophyllum sp.) or emergent
vegetation (Scirpus sp.). Three Patagonian water bodies, lakes
Escondido (ESC), El Tre´bol (TRE) and Juventus (JUV), were deeper
than the rest of surveyed lakes (48m). Despite their greater
depth, wind action often produces thermal homogenization by
thermocline deepening during summer (Balseiro and Modenutti,
1990; Pe´rez et al., 2002).
Previous work indicated important trophic differences be-
tween Pampean and Patagonian lakes. Ringuelet et al. (1967)
described Pampean shallow lakes as meso or eutrophic systems,
while some Patagonian shallow lakes, including some of the
waterbodies considered in this study have been described as
oligotrophic (Die´guez et al., 1998; Pe´rez et al., 2002; Morris et al.,
1995).Water sampling
Water samples were collected from the surface stratum
(20–30 cm), at or near the central point of each shallow lake.
Surface water samples of 10 L were obtained using a van Dorn
bottle and stored in acid washed polypropylene containers.
Containers were kept in darkness, thermally isolated and were
brought immediately to the laboratory after sampling.Water-quality parameters
Water for chemical analysis was ﬁltered immediately after
sampling through Whatman GF/C ﬁlters. Total phosphorus (TP)
was measured by the molybdate-ascorbic method, NO3
 and NO2

by Cd reduction followed by diazotation and NH4
+ by the
indophenol blue method, following APHA (1998). Total suspended
solids (TSS) were determined as the weight difference
after ﬁltration through pre-burned (550 1C for 2h) WhatmanTM
GF/C ﬁlters. Aliquots of water ﬁltered using GF/F ﬁlter, were
stored at 4 1C until analysis of dissolved organic carbon (DOC).
DOC was determined in sonicated and acidiﬁed water samples
using a high-temperature Pt catalyst oxidation method (Shimadzu
TOC-5000).
Chlorophyll a (Chl. a) concentration was estimated from
triplicate samples (110–250mL) collected onto glass-ﬁber ﬁlters
(GF/F, Whatman). Filters were wrapped immediately in aluminum
foil and stored at 80 1C until processing (within 2 months of
sampling). Chlorophyll was extracted using 90% aqueous acetone
(V:V), at 4 1C, in darkness and in a nitrogen saturated atmosphere.
The extracts obtained were cleared by centrifugation at 3000 rpm
for 10min. Pigment extracts were measured by ion pairing
reverse-phase HPLC (modiﬁed from Mantoura and Llewellyn,
1983 and Hurley, 1988) using a A¨ktabasic chromatograph
(Amershams) controlled by the program Unicorns. (C18 phenom-
enexs; 5mm particle size; 250mm4.6mm i.d.). The method
applied has been described in detail by Laurion et al. (2002). The
HPLC system was calibrated with a commercial primary standard
(Sigma, Switzerland).Vertical diffuse attenuation coefﬁcient and Sd
Vertical proﬁles of downward irradiance (380–750nm, every
1nm) were measured using a spectro-radiometer (USB2000,
Ocean Optics). Proﬁles were obtained around 1h from astronomic
noon. Spectral (kd l) and broadband vertical attenuation coefﬁ-
cient (kd PAR) vertical diffuse attenuation coefﬁcients, for down-
welling irradiance, were calculated by regressing log-transformed
irradiance measurements against depth. In all Pampean lakes a
measure of visual water transparency was recorded using a Sd, but
for Patagonian lakes Sd depth was recorded in only two occasions.
Particularly, in some sampling occasions and for two lakes, Sd
depth was underestimated. In Pampean lake TR, in two occasions
Sd depth was measured until the disk reached the submersed
macrophytes bed. On the other hand, in Patagonian lake TRE, Sd
reached the lake bottom due to the high water transparency
observed.Particulate and CDOM absorption coefﬁcient
Absorption measurements of particulate matter were carried
out on each water sample within 24h of sampling. Optical
densities (OD) were measured with a Hitachi U-2000 spectro-
photometer in the spectral range of 400–750nm at 1nm intervals.
Light-absorption spectra by particles [ap(l)] were determined
after concentration on GF/F ﬁlters, using the ﬁlter-pad technique
(Tru¨per and Yentsch, 1967). Volumes of water ranging from 0.2 to
3 L were ﬁltered and OD were measured directly on the wet ﬁlters
against a blank clean ﬁlter, wetted with distilled water. The ﬁlters
were placed in front of the sensor end of the instrument in order
to minimize light scattering. The conversion of the measured
optical density (ODﬁlt(l)) to absorption coefﬁcients was calculated
using the ampliﬁcation factor [b(l)] following Mitchell and
Kiefer (1988). During the scanning of the samples, the wetness
of the ﬁlters remained constant. The absorption at 750nm,
which was negligible, was assumed to be the residual scattering
in the ﬁltrate and thus subtracted from the absorbance values
at all other wavelengths to calculate [ap(l)] (Bricaud and Stramski,
1990). After measuring the absorption of total particulate matter,
the spectral absorption of the unpigmented (non-chlorophyllous)
material [ad(l)] was measured following Kishino et al. (1984). In
order to extract the pigments the GF/F ﬁlter was placed in
absolute methanol at 4 1C for 60min. The bleached ﬁlter was dried
and then soaked with ﬁltered lake water for 1h. The same
treatment was applied in parallel to a reference ﬁlter used as
blank. The absorption coefﬁcients of phytoplankton [aph(l)] were
obtained by subtracting the absorption of the bleached matter
[ad(l)] from the absorption of the particulate matter [ap(l)].
The spectral absorption by CDOM was measured in quartz
cuvettes (0.01m pathlength) against distilled water blank and
using water ﬁltered by 0.22mm OSMONIC ﬁlters. In Pampean
lakes, OD of CDOM was measured with a Hitachi U-2000
spectrophotometer in the spectral range of 400–750nm at 1nm
intervals. CDOM absorbances of Patagonian lakes were obtained
following identical procedures using a UV–visible spectrophot-
ometer Hewlett Packard P 8453-E. The absorption coefﬁcients due
to CDOM [ag(l)] were calculated by converting the measured
optical densities following Kirk (1994).
The total spectral absorption values [at(l)] were obtained by
adding the different absorption fractions as follows:
atðlÞ ¼ apðlÞ þ agðlÞ þ awðlÞ
where ap(l) is the absorption coefﬁcient of the particulate matter
[ad(l)+aph(l)] and aw(l) is the absorption coefﬁcient of pure
water taken from Morel and Prieur (1977). PAR absorption
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coefﬁcient:
a¯i
X
aiðlÞ
h i
=n
where n is the number of nanometers in the spectral range of
400–700nm at 1nm intervals.
Contribution of the particulate and dissolved fractions to PAR
absorption
Given that the absorption coefﬁcients for any particulate
component and the intensity of the incident solar radiation vary
independently with wavelength, the contribution of the different
components to absorption of total PAR were assessed by
performing the calculations proposed by Kishino et al. (1984).
The ratio of quanta absorbed by each component (i) to total
absorbed quanta (RQi) is expressed by:
RQiðzÞ ¼
Z
ðPðZ; lÞaiðZ; lÞ=atðZ; lÞdlÞ=PARabsðZÞ
where at (Z;l) is the total absorption coefﬁcient; P(Z;l) is the
result of kd (Z;l) Ed(Z;l), and PAR abs(Z) is the Ed(Z;l) obtained by
integrating from 400 to 700nm (see Kishino et al., 1984).
Indirect estimations of scattering properties
We estimated the underwater light-scattering properties from
measures of tn (see Kirk, 1994 and references therein). tn was
measured with an underwater turbidimeter (SCUFA, Turners).
On the other hand, estimation of the scattering coefﬁcient
(best) was calculated from paired determinations of Sd and kd PAR
following Efﬂer and Auer (1987), being:
best ¼ ð8:69 a:Sd kd PAR:SdÞ=Sd
where a is the total wavelength averaged absorption coefﬁcient
[a¯tðlÞ].
Vertical diffuse attenuation coefﬁcients
To examine the relative contribution of absorption and
scattering on the diffuse attenuation coefﬁcient (kd PAR), we
used simple and multiple linear regression analyses. ThreeTable 2
Water-quality parameters
Lakes DOC (mgL1) TSS (mgL1) TP (mgL1) Chl a. (mg L1)
Pampean lakes
Clear-vegetated
TR 44.0578.12 4.3070.71 0.2270.05 2.8570.15
KH 64.35713.77 3.8572.19 0.0970.06 1.8470.45
SA 22.90 43.30 0.150 14.24
LC 50.55719.68 50.50719.87 0.261 41.16721.17
Turbid
YA 68.30 329.00 0.30 14.61
LI 23.95714.16 256.507101.88 0.7570.11 28.4777.30
BU 22.90 106.30 0.20 97.35
SJ 46.6576.43 72.33722.68 0.2970.06 165.377114.27
VI 17.4470.42 239.00743.84 0.71 76.10
CH 28.76716.09 223.75792.61 0.5870.13 101.06738.22
Patagonian lakes
Clear-vegetated
ESC 5.4 0.3 6.8103 0.5
TRE 2.5 0.8 9.0103 0.7
FAN 10.2 – 5.2102 1.9
PAT 2.9 2.7 9.3103 0.7
ESQ 8.1 2.0 1.9102 1.0
JUV 2.5 0.4 9.9103 2.9different optical conditions were assessed: (i) absorption by
CDOM, (ii) absorption by CDOM+particulates, and (iii) absorption
by CDOM+particulates+scattering.
In addition, vertical diffuse attenuation coefﬁcients were ﬁtted
to a linear model including only chemical parameters (Chl. a, TSS,
DOC and TP). Stepwise, backward multiple linear regressions were
performed in order to identify the variables that contributed the
most to explain the variance in the dependent variable. Data was
tested for normality (Kolmogorov-Smirnov test with Lilliefors’
correction) and homoscedasticity (Levene Median test). In addi-
tion, data were transformed using natural logarithm to meet the
assumptions of the model whenever required.Results
Water-quality parameters
Water quality parameters varied widely between lakes
(Table 2). In Pampean lakes conductance averaged 1.53mS cm1
(70.50 s.d.), with values ranging from 0.67 to 2.29mS cm1
(70.19 s.d.) in YA and LC lakes, respectively. Patagonian lakes
showed lower values of conductance averaging 0.082mS cm1
(70.27 s.d.) and ranging from 0.047 to 0.128mS cm1 in PAT and
FAN, respectively. Concentration of nutrients (TP and TN) in
Pampean lakes averaged 0.39mgL1 (70.24 s.d.) and
980.28mg L1 (7600.95 s.d.), respectively. Concentration of TP
ranged from 0.09 (70.06 s.d.) to 0.75mgL1 (70.11 s.d.) in KH and
LI (Table 2), while TN ranged from 458.50 (7324.56 s.d.) to
2022.00mg L1 in TR and YA, respectively. Patagonian lakes
showed relatively more diluted waters (Table 2), with TP values
lower than 0.052mgL1, reaching this value in FAN. In Patagonian
lakes, TN averaged 257.10mg L1 (7242.20 s.d.) with values
ranging from 50.1 to 728.7mg L1 in PAT and FAN, respectively.
Pampean lakes showed DOC concentration ranging from 17.44
(70.42 s.d.) to 68.30mgL1 (Table 2), with a mean value of
38.44mgL1 (719.84 s.d.). In contrast, Patagonian lakes showed
lower DOC concentrations, with values ranging from 2.5 to
10.2mgL1 (Table 2) and a mean value of 5.30mgL1
(73.25 s.d.). TSS ranged from 3.85 (72.19 s.d.) to 329mgL1 in
Pampean lakes (Table 2). Conversely, Patagonian lakes showed
lower values of TSS concentration which ranged from 0.3 to
2.7mgL1 (Table 2).
Most Pampean lakes (except TR and KH) showed higher Chl. a
concentration than Patagonian lakes. Chl. a concentration ranged
from 1.84 (70.45 s.d.) to 165.37mg L1 (7114.27 s.d.) in Pampean
lakes; and from 0.5 to 2.9mg L1 in Patagonian lakes (Table 2).PAR and spectral diffuse attenuation coefﬁcients
In Pampean lakes, values of vertical PAR diffuse attenuation
coefﬁcients varied from 3.54 (70.23 s.d.) to 47.00m1 (72.40 s.d.)
(Table 3); averaging 22.59m1 (716.56 s.d.). In these lakes, kd
PAR showed an important among-lake variation (13 fold) which
translated into euphotic depths from 0.1 to 1.3m. All Pampean
clear-vegetated lakes (i.e. TR, KH, SA and LC) presented mean kd
PAR valueso10m1, while turbid lakes (i.e. YA, LI, BU, SJ, VI and
CH) had mean kd PAR values 413m1. Signiﬁcant differences
were observed between these two groups of lakes in the Ln of kd
PAR (t-test, po0.001).
The average kd PAR, considering all Patagonian lakes, was
1.28m1 (70.77 s.d.); with values ranging from 0.40 to 2.52m1.
Patagonian lakes displayed a 6 fold among-lake variation in kd
PAR values (Table 3), which represent euphotic depths from 1.8 to
11.4m. The mean kd for Patagonian lakes were roughly 17 times
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Table 3
Obtained values of attenuation coefﬁcients, Secchi disc, nephelometric turbidity, scattering coefﬁcient estimates and mean spectral absorption coefﬁcients of CDOM, non-
chlorophyllous particulates and phytoplankton
Lakes kd PAR (m-1) Sd (m) tn (NTU) best (m
1) a¯g (m
1) a¯d (m
1) a¯ph (m
1)
Pampean lakes
Clear-vegetated
TR 4.7972.02 1.0170.44 4.2571.34 1.6671.34 1.8670.28 0.2770.19 0.1170.03
KH 3.5470.23 1.0370.04 3.1071.27 2.2670.04 2.3670.28 0.2570.13 0.0870.04
SA 4.09 0.45 16.12 13.58 0.49 0.34 0.11
LC 9.2374.14 0.3770.09 12.8372.10 10.7778.68 1.1270.43 0.6670.33 0.9870.52
Turbid
YA 46.99 0.07 52.10 64.56 5.62 4.92 2.05
LI 36.96712.90 0.1070.03 103.70710.00 45.95713.31 0.50 3.7871.11 1.7270.58
BU 13.87 0.17 27.34 32.25 1.54 1.45 2.01
SJ 17.1675.98 0.1470.02 44.1074.53 35.9274.43 1.6570.36 1.4971.38 5.3370.98
VI 47.0072.40 0.0870.00 114.72 52.1473.46 1.5670.01 4.4471.07 3.5070.01
CH 29.2678.61 0.1070.02 74.30729.40 57.77710.29 1.4870.27 3.5271.55 3.1370.71
Patagonian lakes
Clear-vegetated
ESC 1.41 3.00 0.50 0.66 0.60 0.06 0.01
TRE 0.40 12.00 0.70 0.02 0.06 0.06 0.02
FAN 2.52 – 5.10 – 1.96 0.11 0.07
PAT 0.81 – 1.20 – 0.12 0.10 0.05
ESQ 1.62 – 2.70 – 1.42 0.27 0.03
JUV 0.93 – 1.60 – 0.06 0.11 0.07
G.L. Pe´rez et al. / Limnologica 40 (2010) 30–3934lower than that of Pampean lakes. Signiﬁcant differences were
obtained in the natural logarithm of light attenuation of
Patagonian lakes with both, turbid (t-test, po0.001) as well as
with clear-vegetated Pampean lakes (t-test, po0.001).
In addition to the differences in kd PAR values, an important
among-lake variation in the spectral shape of kd (l) was observed.
Fig. 1 showed spectral kd (l) values obtained for the survey carried
out in November 2005–January 2006. In all Pampean lakes,
maximum attenuation values were observed near the blue end of
the spectrum (Fig. 1a). Lakes BU, SJ, VI and CH showed a clear
increase in kd near the red region of the spectrum (between 670
and 680nm) (Fig. 1a). Patagonian lakes ESQ and FAN, presented
maximum attenuation values at the blue end of the spectrum,
without a clear increase in kd between 670 and 680nm (Fig. 1b).
Particularly, lakes TRE and JUV showed a U-shaped spectral
form with higher attenuation values at both ends of the spectrum
(Fig. 1b; notice the different scales in the vertical axes).
In Pampean lakes, values of Sd depth ranged between 0.07 to
over 1.03m (70.04 s.d.) (Table 3). In some sampling occasions, in
KH and TR, the bottom was visible. In Patagonian lakes, only two
Sd readings were available, with values of 3–12m in ESC and TRE,
respectively. Considering the complete data set, a signiﬁcant
positive linear relationship was observed between water trans-
parency as 1/Sd and vertical PAR attenuation coefﬁcient
(R2 ¼ 0.88, po0.001, n ¼ 24) (Fig. 2).Absorption spectra of particulate and CDOM fractions
Particulate and dissolved organic absorption coefﬁcients of
Pampean and Patagonian lakes, obtained for the survey carried
out in November 2005–January 2006, are showed in Figs. 3 and 4.
Considering the whole data reported in this study, Turbid
Pampean lakes YA, LI, BU, SJ, VI and CH presented in average a 4
fold higher a¯t(l) than clear-vegetated Pampean lakes (i.e. TR, KH,
SA and LC). The spectral shape of at(l) resembles either an
exponential decay curve (i. e. YA, LI, TR and KH lakes) or a
pigment-shaped curve (i.e. SJ, VI, BU, SA, CH and LC lakes) with
two maxima, one in the blue band between 400 and 440nm and
the other in the red at 670nm (Fig. 3). The a¯t(l) of Patagonian
lakes were generally lower than those of Pampean lakes (Fig. 4).
The total absorption coefﬁcient averaged over the visiblespectrum ranged from 0.14 to 2.14m1 in FAN and TRE,
respectively. In these lakes, the shape of total absorption
spectrum displays a roughly exponential decay shape (e.g. FAN,
ESQ and ESC) or an U-shape with higher values at either end of the
spectral range (e.g. TRE, PAT and JUV) (Fig. 4).
CDOM absorption spectra showed the typical negative ex-
ponential relationship with wavelength (Figs. 3 and 4). In
Pampean lakes values of a¯g ranged from 0.49 to 5.62m
1 in SA
and YA lakes, respectively (Table 3). In the turbid lake YA and in
clear TR and KH lakes, the absorption in the blue wavelengths
(400–480nm) was dominated by the dissolved components
(Fig. 3). In Patagonian lakes a¯g(l) ranged from 0.06 to 1.96m1
in TRE and FAN, respectively (Table 3). Lakes FAN, ESC and ESQ
presented absorption in the blue region dominated by CDOM
(Fig. 4).
The non-chlorophyllous particulate absorption had a similar
spectral shape than that of CDOM. The a¯d(l) ranged from 0.25
(70.13 s.d.) to 4.92m1 in Pampean lakes KH and YA, respectively
(Table 3). In Turbid lakes VI, CH, BU and LI non-chlorophyllous
particulate components dominated the absorption within the blue
range (Fig. 3). In Patagonian lakes, this fraction showed less
variability among lakes with values of a¯d(l) ranging from 0.06 to
0.27m1 in ESC and ESQ lakes, respectively (Table 3). Only JUV
presented blue wavelength absorption dominated by this matter
(Fig. 4).
In Pampean lakes values of a¯ph(l) ranging from 0.08
(70.04 s.d.) to 5.33m1 (70.98 s.d.) in KH and SJ lakes, respec-
tively (Table 3). Lakes SJ, SA and LC presented blue wavelength
dominated by the absorption due to phytoplankton (Fig. 3). In
addition, this fraction was the most important component
absorbing red wavelengths in lakes SJ, VI, CH, BU and LC.
Particularly, in the clear-vegetated lake SA both phytoplankton
and the water itself presented higher absorption values at this
spectral end (Fig. 3). Relatively lower values in a¯ph(l) were
observed in Patagonian lakes, with a¯ph(l) ranging from 0.01 to
0.07m1 in ESC and FAN or JUV lakes (Table 3).
The relative contribution of different components to PAR
absorption (averaged between 400 and 700nm) were calculated
and expressed as percent of absorbed incident quanta. Pie charts
of Figs. 3 and 4, show the results obtained for the survey carried
out in November 2005–January 2006. Considering the whole data
collected in this study; important among-lake differences were
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fractions. In Turbid Pampean lakes LI and YA, non-chlorophyllous
particulate matter presented the highest (54.4%76.4 s.d.) and
second highest (37.4%) contribution to light absorption, respec-
tively. In these turbid lakes, phytoplankton absorption has
comparative less importance to light absorption with values of
32.0% (714.2 s.d.) and 18.0% in LI and YA, respectively. In contrast,
in turbid lakes SJ, VI, CH and BU, phytoplankton was the most
important fraction contributing to light absorption, showingvalues ranging from 43.1% (72.9 s.d.) to 64.9% (73.6 s.d.).
Particularly, in lakes CH, VI and BU the non-chlorophyllous
fraction also showed an important contribution to light absorp-
tion, with values ranging from 22.6% to 36.5% (714.5). In the
Pampean Clear-vegetated lakes TR and KH, CDOMwas the fraction
with the highest absorption, presenting values of 72.2%
(712.2 s.d.) and 78.0% (710.0 s.d.), respectively. Conversely, in
clear lakes LC and SA, phytoplankton presented the highest
contribution to light absorption, with values ranging from 39.0%
(73.2 s.d.) and 39.9%, respectively. In these lakes, CDOM was the
second important absorbing fraction with values ranging from
37.6% (713.1 s.d.) and 24%, respectively.
In Patagonian lakes, the water itself contributed signiﬁcantly to
total absorption. Particularly, in lakes TRE, PAT and JUV, light
absorption was mostly due to pure water and ranged from 41.7%
to 63.3% (Fig. 4, pie charts). CDOM made the largest contribution
to total absorption in Lakes ESC, ESQ and FAN, with values ranging
from 59.2% to 77.4%, whereas pure water was the second
absorbing fraction in ESC and FAN lakes. In Patagonian lakes,
unpigmented particulates and phytoplankton had minor impor-
tance to light absorption, presenting values below 27% and 15%,
respectively (Fig. 4, pie charts).
Light-scattering properties
In Pampean lakes, tn ranged from 3.10 (71.27 s.d.) to 114.72
NTU in KH and VI, respectively (Table 3). These lakes showed an
among-lake variation of about 28 fold. Clear-vegetated lakes TR,
KH, SA and LC presented a mean tn value of about 8.67 NTU
(75.62 s.d), while turbid lakes showed a 8 fold higher mean
turbidity averaging 74.20 NTU (732.20 s.d.). Signiﬁcant differ-
ences were obtained when comparing the Ln of tn between turbid
and clear Pampean lakes (t-test, p ¼ 0.002). Patagonian lakes
showed generally lower values of tn than clear vegetated Pampean
lakes (Table 3). In Patagonian lakes tn averaged 1.96 NTU, with
values ranging from 0.50 to 5.10 NTU in ESC and FAN lakes,
respectively (Table 3).
Considering the whole data set, a signiﬁcant positive linear
relationship was obtained between the Ln tn and TSS plus Chl. a
concentration as independent values (R2 ¼ 0.74; po0.001,
n ¼ 26). As regards of water transparency, a signiﬁcant positive
linear relationship was obtained between the Ln kd PAR and the
Ln tn as independent variable (R
2 ¼ 0.90; po0.001, n ¼ 28)
(Fig. 5). However, if only clear lakes (Pampean and Patagonian)
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explained with variations in Ln tn (R
2 ¼ 0.70; po0.001, n ¼ 14).
In addition to the measurements of tn, we also assessed the
underwater light scattering by solving Efﬂer and Auer’s equation.
best ranged from 0.02 to 57.77m
1 (710.29) (Table 3). In lakes
with values of tn lower than 80 NTU, a signiﬁcant positive linear
relationship was obtained between tn and best (R
2 ¼ 0.92;
po0.001, n ¼ 16), with a regression equation (best ¼ 0.03+0.95
tn) close to the 1:1 relationship (Fig. 6). However, lakes with
values of tn higher than 80 NTU, did not show any clear
relationship between tn and best (Fig. 6).Effects of IOPs and water-quality parameters on kd PAR
In Pampean lakes, variation in kd PAR could not be explained
by a linear univariate regression based on CDOM absorption
(p ¼ 0.29) (model 1, Table 4). In contrast, for these lakes model 2
(absorption by CDOM+particulates), explained the 85% of the
observed variation in the kd PAR (Table 4). However, only the
absorption by non-chlorophyllous matter contributed
signiﬁcantly to predict kd PAR (po0.001). With model 3 (total
absorption+light scattering), was explained the 80% of the
measured variation in kd PAR (Table 4). Nevertheless, only tn
and CDOM absorption coefﬁcient were required to predict the kd
PAR, while the inclusion of a¯ph(l) did not add to further explain
the observed variability of predicted variable. In addition, a¯d(l)
was removed from the model due to multicollinearity between
the independent variables Ln tn and a¯d(l).
In Patagonian lakes, important differences were obtained in
the predictions of diffuse PAR attenuation coefﬁcients relative to
those described above for Pampean lakes. Signiﬁcant linear
relationship was acquired between kd PAR and CDOM absorption
coefﬁcients. Model 1 explained 89% of the observed variation in
the measured kd PAR (Table 4). In these lakes, when model 2 (total
absorption) was tested, only absorption by CDOM contributed
signiﬁcantly to predict kd PAR (po0.027); while the inclusion ofa¯d(l) and a¯ph(l) did not explain additional variation. Same results
were obtained for the complete model 3; i.e., tn did not add to
further explain the observed variability of kd PAR.
Considering the whole data set, a model including absorption
plus scattering explained 92% of the observed variation in Ln kd
PAR, though the contribution of a¯ph(l) and a¯d(l) was not
statistically signiﬁcant (Table 4).
Using water-quality parameters to estimate PAR attenuation
coefﬁcients resulted in important differences between the two set
of lakes. In Pampean lakes, the 79% of the measured variation in
the response variable could be signiﬁcantly explained by TSS
(Table 5). The inclusion of Chl. a, DOC and TP concentration did
not explain signiﬁcant additional variation in the kd PAR. On the
other hand, in Patagonian lakes the 91% of the observed variation
in the response variable was explained by DOC concentration
(Table 5). The inclusion of Chl. a, TSS and TP concentration did not
contribute to further explain additional variability in the kd PAR.
Considering the whole data set, TSS concentration explained the
65% of the variation observed in kd PAR (Table 5).Discussion
The oldest and simplest method to describe underwater light
regimes is the estimation of light penetration using the Sd
visibility. Another common tool for describing water clarity is
the measurement of tn. Both methods are simple to use in the ﬁeld
and have been extensively used in basic as well as applied
(management) lake studies (e.g. Sd: Jeppesen et al., 1990;
Bachmann et al., 1999; Jackson, 2003; Havens, 2003; Hargeby
et al., 2007; Ibelings et al., 2007; tn: Bayley and Prather, 2003;
Jackson, 2003; Meding and Jackson, 2003). However, the direct
measurement of broadband (PAR), or better yet the spectral
diffuse vertical light attenuation, are much more precise ways of
describing underwater light availability, and could therefore
improve our ability to understand the conditions that regulate
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important management issues (Gerveaux and Ward, 1991; Lowe
et al., 2001).
Clearly all optical variables are inter-related, but they char-
acterize different properties of the underwater light ﬁeld. The
reason for this is mainly related to light scattering, which has
different effects on the Sd, tn and vertical light attenuation
coefﬁcient (Kirk, 1994; Scheffer, 1998). In fact, different waters
may have the same Sd but differ markedly in kd PAR if the relative
importance of light scattering differs. For example, three pairs of
lakes within our study (TR and KH, CH and LI and CH and VI) have
similar Sd values but differ widely in their attenuation coefﬁcients
(Table 3). Koenings and Edmundson (1991), indicate that at high
levels of tn the ability to measure small changes in Sd depth
becomes quite limited. Lakes LI, VI and CH presented the highest
values of tn within our study lakes. On the other hand, we found
lakes with similar kd PAR values but different Sd depths (e.g. LI, VI
and YA) (Table 2). LaPerriere and Edmundson (2000) found similarresults in a group of lakes from Katmai National park, Alaska.
Additional examples and explanations of differences between kd
and visual transparence are found in the literature (e.g. Tyler,
1968; Koenings and Edmundson, 1991; Kirk, 1994; Scheffer, 1998;
LaPerriere and Edmundson, 2000).
Although we found signiﬁcant relationships between kd, Sd
and tn over the wide range of optical conditions included in this
study, we also noticed interesting disparities between tn and
actual light attenuation for some surveyed lakes. Turbid lakes YA
and SJ have comparable values tn, but differ in kd PAR by almost a
factor of three. Our estimations of light scattering, using values of
tn, were supported by the signiﬁcant relationship funded between
tn and Efﬂer and Auer’s best. Considering lakes with tno80 NTU,
we obtained a signiﬁcant linear regression with a slope close to
the unity (Fig. 6). In many instances, tn corresponds closely with
the scattering coefﬁcient (e.g. Kirk, 1994 and references therein).
Lakes LI, VI and CH in some sampling occasions presented values
4100 NTU. At these values of turbidity, no clear relationship
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G.L. Pe´rez et al. / Limnologica 40 (2010) 30–3938between tn and best was observed, though small differences in the
readings of Sd in these highly turbid lakes (around 0.03m1) will
produce a good ﬁt with the remaining data. Efﬂer and Auer’s
equation use paired values of kd and Sd to estimate absorption or
scattering coefﬁcients. The different response of kd and Sd to
variations in absorption and scattering processes highlighted
above, has been shown to be of value in tracking the relativeLn tn (NTU)
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Table 4
Univariate and multivariate linear regressions of kd PAR vs. absorption coefﬁcients and
Predicted variable (kd PAR) Obtained equation
Pampean shallow lakes
Tested model 1 (CDOM absorption) kd PAR ¼ 13.13+3.65 a¯g
Tested model 2 (total absorption) kd PAR ¼ 4.13+8.10 a¯d
Tested model 3 (absorption and scattering) kd PAR ¼ 20.9+4.6 a¯g+10
Patagonian shallow lakes
Tested model 1, 2 and 3 kd PAR ¼ 0.66+0.87 a¯g
Whole data set
Tested model 3 Ln kd PAR ¼ 0.18+0.21 a¯importance of the two attenuating processes (Efﬂer and Auer,
1987).
Estimations based either on Sd or tn may result in differences
in kd (PAR) values. Our estimations of kd (PAR) values could differ
by roughly 30m1 (e.g. YA and SJ presented similar tn value but
different attenuation coefﬁcients). These estimations correspond
and translate the differences in the compensation depth (Z1%) of
about 15 cm. It must be emphasized that for the case of lakes
extending over large shallow areas (e.g. in YA 52% of total
surfaceo70cm) (Dangavs, 1976), small inaccuracies in the
estimation of Z1% would imply signiﬁcant differences in the
prediction of potential area for macrophyte colonization. Similar
conclusions have been reported by Lowe et al. (2001) in a
comparative study conducted in lake Apopka, Florida. Higher
differences between kd PAR and Sd would be expected in lakes
with different nature of particulate matter that both absorb and
scatter light (Scheffer, 1998), though the accuracy of kd PAR
estimations based on tn would be less reliable in lakes with
important presences of CDOM as important absorbing compo-
nents (e.g. clear Pampean and Patagonian lakes).
The determination of main absorbing components, the light
scattering magnitude and their contribution to light attenuation,
could provide useful information about underwater light regime
and lake condition. Although LI, VI, CH and SJ are all turbid lakes,
in LI, VI and CH an important fraction of light absorption is due to
non-chlorophyllous particulates (a mixture of inorganic particles
and heterotrophic microorganisms). In contrast, in lake SJ
absorption is predominantly due to chlorophyllous (i.e., photo-
trophic microorganisms) (Fig. 3). The nature of particulate matter
will determine their optical characteristics and in turn their
contribution to underwater light transmission measured as kd, tn
or Sd. For instance, SJ lake was dominated by the ﬁlamentous
cyanophycean Raphidiopsis mediterranea Skuja (Allende unpub-
lished data). In this turbid lake cyanobacteria bloom strongly
absorbs light though seem to scatter light weakly. This phyto-
plankton composition could explain the lower rate of scattering
vs. particulate absorption, observed for SJ lake, relative to the
other turbid lakes dominated by diatoms (e.g. LI, VI and CH)
(Allende unpublished data). In addition, differences in kd PAR
between YA and SJ highlighted above (in spite of their similarnephelometric turbidity using three different optical conditions
n R2 p
19 0.06 0.290 (n.s.)
23 0.85 o0.001
.0 ln tn 18 0.80 o0.010
6 0.89 0.004
g+0.74 ln tn 24 0.92 o0.050
Table 5
Univariate and multivariate linear regression of kd PAR vs. water-quality
parameters
Predicted variable Obtained equation n R2 p
Pampean shallow lakes
kd PAR kd PAR ¼ 5.31+0.12 TSS 23 0.79 o0.001
Patagonian shallow lakes
kd PAR kd PAR ¼ 0.12+0.22 DOC 6 0.91 0.003
Whole data set
kd PAR kd PAR ¼ 2.56+6.13 Ln TSS 28 0.65 o0.001
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light attenuation by absorption processes (Fig. 3). However, CDOM
does not contribute substantially to light scattering. Differences in
the contribution of absorbing and scattering compounds to kd PAR
are key to understand some aspects of shallow lake functioning
(e.g. importance of nutrient load by human activities, wind
resuspension of sediments, different source of DOC load, etc.). As
well as to implement sound management strategies (e.g. the
control of phytoplankton biomass could be an important strategy
in SJ lakes but not in LI one).
Direct in situ measurements of the diffuse attenuation
coefﬁcient are not always feasible, particularly in long-term
monitoring studies. Sd is certainly a useful tool and has an added
advantage of being simple and virtually inexpensive. On the other
hand, unlike kd measurements, tn can be recorded automatically
and irrespective of the ambient light ﬁeld (solar zenith angle,
cloud cover, atmospheric aerosol content). Considering studies
including lakes with complex optical characteristics (e.g. clear and
turbid ones), a suitable and practical method to estimate water
light attenuation could be the use of empirical models based in
absorption coefﬁcients and tn measured with automated sensors
or bench top instruments. In this study, almost the 92% of the
variation observed in kd PAR was signiﬁcant explained by the
model including absorption of CDOM and tn. The direct measure-
ment of paired values of Sd and tn, in addition with main
absorbing components are much more useful and precise way of
describing underwater light availability and optical regimes than
more common accesses based only on Sd or tn and water-quality
parameters. The reported models, combined with occasional in
situ measurements of kd would permit the development of highly
accurate lake-speciﬁc models of light attenuation.Acknowledgements
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